Continental Shelf Research
Introduction
The Agulhas Bank, which encompasses the shelf and coastal regions south of Port Elizabeth (between 18°E-26°E and 34.8°S-36.9°S), is one of the major nursery and spawning areas along the South African coastline (Hutchings et al., 2002) . The eastern margin of the Agulhas Bank located east of 20°E (Hutchings, 1994 ) is estimated to currently support around two-thirds of the Cape Anchovy spawner population (Roy et al., 2007) . The Agulhas Bank is also home to a far greater variety of fish species than the west coast upwelling ecosystem (Hutchings, 1994) . Understanding the oceanography of the Agulhas Bank and the retention/advection mechanisms which regulate the transport of waters from the Agulhas Bank to the upwelling region of the west coast, is essential for the adequate management of a variety of economically and ecologically important fish species around the southern African continental shelf. A good knowledge of ocean current conditions on the Agulhas Bank is also important for a number of major economic activities such as fishing, oil and mineral exploration or ship routing.
On its eastern margin, the oceanography of the Agulhas Bank is directly influenced by the Agulhas Current, which flows southward along the continental shelf break (Boyd and Shillington, 1994) . The Agulhas Current impacts on the circulation and hydrography of the Agulhas Bank through a range of processes such as: variations in the Agulhas Current's strength, Agulhas Current intrusions onto the outer Agulhas Bank, Agulhas Current meanders, filaments, and water plumes. A stronger Agulhas Current will induce increased Ekman veering along the landward edge of the Agulhas Current and favour the upwelling of cold and nutrient-rich water to the surface (Lutjeharms, 2006) . Frontal meanders in the Agulhas Current contribute to water exchange both along and across the Agulhas Bank's shelf (Boyd and Shillington, 1994) . Frontal meanders are associated with warm water plumes at their leading edge which disperse over parts of the Agulhas Bank to bring warm water to the upper layers of the water column (Lutjeharms, 2006) .
Frontal meanders are also associated with cyclonic cold core eddies. These cyclonic eddies may support productivity and larval recruitment through upwelling in their core and retention of drift materials (Hutchings, 1994) . One type of meander in the Agulhas Current which has received considerable attention in the past is the Natal Pulse. Natal Pulses are large meanders of the Agulhas Current which originate near the Natal Bight (29
• S) (Lutjeharms, 2006) . Natal Pulses occur at irregular intervals with on average between 1 and 2 Natal Pulses per year progressing to the southern Agulhas Current region (Goschen and Schumann, 1990; Rouault and Penven, 2011) .
Lagrangian float observations have revealed that Natal Pulses can extend to the full depth of the Agulhas Current . In-situ observations in the northern Agulhas region (at 30
• S) have shown that Natal Pulses can drive upwelling near the continental slope to the order of 50 m to 100 m per day (Bryden et al., 2005) .
The circulation of the Agulhas Bank has been studied predominantly using in-situ observations (Swart and Largier, 1987; Boyd and Shillington, 1994) or numerical simulations (Penven et al., 2001; Chang, 2009; Blanke et al., 2009) . Past observational studies of the Agulhas Bank oceanography have lacked the long term temporal component of the variability and have often only provided a synoptic picture of the state of the ecosystem at a given time (Swart and Largier, 1987; Boyd and Shillington, 1994; Goschen and Schumann, 1990) . Descriptions of ocean currents on the Agulhas Bank from measurements date back to the late 1980s/early 1990s and there is a definite need for a more contemporary portrayal of the Agulhas Bank circulation. There have also been few in-situ observations of Natal Pulses in the southern Agulhas Current region and their impact on the eastern margin of the Agulhas Bank remains largely unknown.
The research presented in this paper aims to better characterise interactions between the Agulhas Current and the coastal and shelf regions located on the eastern margin of the Agulhas Bank. Particular focus is placed on the influence of Natal Pulses on the surrounding flow. Previous work (Rouault and Penven, 2011; Krug and Tournadre, 2012) have shown that absolute geostrophic currents derived from altimetry can be used to successfully mon- A discussion of the main results is provided in Section 4 followed by the conclusions in Section 5.
Data and Method

Merged altimetry
Absolute geostrophic velocities derived from the Ssalto/Duacs Gridded Absolute Dynamic Topography are used to identify occurrences of Natal Pulses in the southern Agulhas Current. The mapped geostrophic velocities were downloaded from the AVISO website (up-to date DT-MADT product) and are referenced throughout this manuscript as the AVISO mapped geostrophic velocities. The up-to-date AVISO DT-MADT product combines data from all available altimeters, including ERS 1/2, Geosat, GFO and Cryosat, Jason 1/2 and Envisat. It is provided at weekly intervals and on a rectilinear grid with a 1/3 • spatial resolution. Krug and Tournadre (2012) have shown that the AVISO mapped product is well suited to monitor large variations in the path of the Agulhas Current south of Port Elizabeth (34 • S).
In this paper, the same method as that described in Krug and Tournadre (2012) is used. The AVISO mapped geostrophic velocities are linearly in-terpolated onto selected altimeter tracks at a 0.1 • resolution. The central position of the Agulhas Current core is then defined as the local maximum in current speed in the direction of the mean Agulhas Current flow (southwest). The method of Krug and Tournadre (2012) has the advantage of providing a simple and objective method for estimating the Agulhas Current's position which compares very well with other more complex methods applied on along-track altimetry or SST imagery datasets. To track Natal
Pulses, we monitor offshore excursions in the Agulhas Current along 2 transects, corresponding to the Topex/Jason altimeter's Tracks #020 and #198
( Figure 1 ). Only those excursions in the path of the Agulhas Current core exceeding 1 standard deviation from the mean at Track #020 are considered to be associated with Natal Pulse events. Instances of Natal Pulses along Track #020 are then followed along Track #198. Over the period of analysis (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) , 3 very large deviations (exceeding 3 standard deviations from the mean) in the Agulhas Current's path were observed. Two of these large excursions, occurring in December/January 2001 and August 2008 were associated with cases of Early Retroflection (Rouault et al., 2010; Rouault and Penven, 2011) . In our analysis on the impact of Natal Pulses on the Agulhas Bank, the 3 largest deviations along Track #020 are considered not to be cases of Natal Pulses and are therefore discarded. A zero-crossing method applied to the Agulhas Current's position anomaly (equal here to the deviation from the mean) is used to determine the duration of Natal Pulse events.
The duration of each Natal Pulse is defined as the time interval separating the two zero-crossing points which surround the detected Natal Pulse.
Composites of the typical circulation associated with Natal Pulse events are 6 derived. Each Natal Pulse composite is defined as the time-averaged absolute geostrophic velocity fields over the duration of the Natal Pulse. No-Pulse conditions on the Agulhas Bank correspond to situations when neither a Natal Pulse nor a very large offshore excursion in the Agulhas Current's path (> 3 standard deviations) can be detected along Track #020 or Track #198.
Comparisons between the homogeneous AVISO Reference product and the non-homogenous AVISO Updated product (not shown) lead to very similar outputs.
Along-Track altimetry
To assess the influence of the Agulhas Current on the circulation of the Agulhas Bank, we also use the high resolution (20 Hz for Jason-1 and -2, 10 Hz for Topex) along-track altimetry data collected along Tracks #020
and #198 (Figure 1 ) which is provided in the Geophysical Data Records (GDR). The cross-track velocities are derived using a method similar to that described in Krug and Tournadre (2012) . The high resolution SSH data are corrected for tides, sea state bias, ionosphere, inverse barometer, dry and wet troposhere using interpolated 1 Hz GDR's corrections. The SSH observations obtained during the Topex and Jason-1 and -2 missions are thus collated to create a 20-year record. They are then re-sampled to a consistent set of latitude and longitude values. The SSH from Topex and Jason-2 are calibrated versus Jason-1 using the following procedure. The tandem missions between Topex and Jason-1 and Jason-1 and Jason-2, i.e.
the calibration/validation periods (∼ 6 months) during which the satellites fly on the same orbit with a time separation of the order of one minute, are used to compute a mean SSH difference. This difference is then compared to the difference between the mean SSHs computed over the whole archive of each satellite to insure that no large trend in the mean SSH exists, which is not the case for Tracks #20 and #198. The mean tandem SSH differences are then used to calibrate the Topex and Jason-2 SSH versus Jason-1. The Mean Sea Surface M SS is then computed using the calibrated 20-year long record. The
Absolute Dynamic Topography (ADT) is then estimated as ADT = SSH − M SS + M DT where M DT is the along-track Mean Dynamic Topography of Rio et al. (2011) . The absolute geostrophic cross-track velocities V g are
∂ADT ∂ds
, where g = 9.8ms −2 is the standard gravity, f is the
Coriolis parameter and
∂ADT ∂ds is the ADT gradient along the altimeter's track.
The ADT are filtered using a Lee filter (Lee, 1981) were then calculated by removing the daily climatology from the SST record.
Results
Influence of the Agulhas Current on surrounding waters from altimetry
In order to better understand interactions between the Agulhas Current and the circulation of the Agulhas Bank, the effect of deviations in the Agulhas Current's path on the surrounding current velocity field were assessed using over 20 years of altimetry observations (Figure 2 ). The position of the Agulhas Current core was determined using the AVISO mapped altimetry product as described in Section 2. Properties of Natal Pulses such as their periodicity, offshore extent and duration were all derived using the AVISO mapped altimetry product.
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Altimetry and in-situ data comparisons
The in-situ current measurements, collected only 14 km away from the that calculated between the ADCP and the along-track altimetry. Current roses generated from weekly averages of ADCP observations and absolute geostrophic currents extracted from the AVISO mapped product showed that the AVISO mapped dataset was unable to capture periods of eastward flowing current at the mooring site (Figure 8 ). In the AVISO mapped velocity fields, the flow at the ADCP mooring site was portrayed as always being towards the west, with the strongest currents directed towards the south-west.
The in-situ current observations showed that the flow at the ADCP site was predominantly to the east/north-east, with the strongest flows towards the west. At Track #198, the region of south-westward current anomaly extended over a width of 60km on average with cross-track velocity anomalies of about 0.2 ms −1 (Figure 4d ).
Discussion
One of the unique feature of the central and Eastern Agulhas Bank is the cool ridge. The cool ridge has been described as a quasi-permanent subsurface tongue of cold water which extends south-westerly, roughly following the 100 m isobath and extending seawards off the coast (Hutchings, 1994) .
The cool ridge has been observed as a gentle doming of the isotherms in the vertical, in contrast to the steep tilting of the isotherm associated with shelf edge upwelling closer to the coast (Probyn et al., 1994) . The cool ridge appears to play an important role in the distribution and productivity of pelagic fish but its origin and dynamics remain poorly understood (Hutchings et al., 2009) . Some studies favour the hypothesis that the cool ridge is linked to coastal driven upwelling (Roberts, 2005) , while others argue that it is the Agulhas Current that maintains and forces this sub-surface structure (Chang, 2009; Boyd and Shillington, 1994) . Our combined in-situ and satellite observations of ocean currents along the eastern margin of the Agulhas Bank show that Natal Pulses play a major role in setting up the isotherms on the Agulhas Bank. Interactions between the Agulhas Current and the shelf waters impact the thermocline structure of the Agulhas Bank through various processes. During Natal Pulse events, the strong cyclonic circulation within the core of the Natal Pulse meanders acts to draw nutrient-rich water upwards, affecting predominantly regions located above the mean position of the Agulhas Current's dynamical core. The strong upwelling associated with the cyclonic circulation set-up within Natal Pulses has previously been observed and documented (Bryden et al., 2005) . Chapman and Largier (1989) suggested that the water drawn up in Natal Pulses may eventually move onto has Current water onto the shelf (Goschen and Schumann, 1990; Goschen, 1994) . Such intrusions of Agulhas Current water onto the bank drive warm water inshore, further contributing the tilting of the isotherms closer inshore.
The strong westerly currents observed when the leading edge of Natal Pulses intrudes over the Agulhas Bank could also promote Ekman veering in the bottom layers and further contribute to the shoaling of the thermocline between the Agulhas Current's front and the coast.
The availability of in-situ observations was useful to identify the short- While altimetry can be used successfully to improve our knowledge of Natal Pulses, it is inadequate to monitor the higher frequency variability observed in the shelf regions of the Agulhas Bank and east of 20 • E. Further studies using high-frequency satellite acquisitions or in-situ observations will be needed to better understand the full impact of the Agulhas Current on the oceanography of the Agulhas Bank.
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